Magnesium-niobium (Mg-Nb) thin films with a palladium (Pd) top layer were prepared on glass substrates by means of DC magnetron sputtering deposition, at room temperature. A Mg-Nb thin film with a Pd top layer can be switched to a transparent state from a mirror-like state by loading with 4% hydrogen gas. The optical properties of Mg(1-x)Nbx thin film switchable mirrors, with x ranging from 0.13 to 0.37, coated with a Pd layer were investigated using a UV-Vis-NIR optical photometer. The optical transmittance of the hydride states decreased with an increasing Nb fraction. Mg-Nb thin film switchable mirrors show color-neutral characteristics in the hydride state. The degradation mechanism of Mg-Nb thin films when loading hydrogen (H) gas was studied using X-ray photoelectroscopy (XPS) and scanning electron microscope (SEM) methods. We showed that Mg-Nb-H thin films are transparent, color-neutral semiconductors with a band cap of 2.2 ± 0.2 eV.
Introduction
Magnesium alloy thin films such as Mg-Ni, Mg-Co, Mg-Fe, Mg-Mn, and Mg-Ti have been studied as third-generation switchable mirrors.
1)-3) Recently, we found that a Pd-capped Mg-Nb thin film also showed switchable mirror properties. 4) Samples prepared by DC magnetron sputtering under specific conditions show excellent optical switching properties using diluted hydrogen gas. We focused on this material following the discovery of a new ternary magnesium-niobium hydride, Mg6.5NbH~14, 5) during research on hydrogen storage materials. Bulk Mg6.5NbH~14 only exists in high vacuum and high temperature conditions, and its optical and other basic physical properties are still unknown. Our analysis showed that there is crystallized Mg6.5NbH~14 in the hydrogenated Pd/Mg-Nb film, 4) and thus we investigated the properties of Mg6.5NbH~14. In addition, from the viewpoint of practical use, switching durability is the most serious problem in switchable mirror materials. Generally, switchable mirrors show fast degradation after switching, therefore, understanding the degradation mechanism is very important.
In this study, we prepared Pd/Mg-Nb thin films by DC magnetron sputtering and investigated their optical properties and electronic structure. We also investigated the mechanism of degradation using various characterization methods.
Experimental

Film deposition
Mg(1-x)Nbx (x = 0.13-0.37) alloy thin films were deposited by DC magnetron co-sputtering of Mg (99.99%) and Nb (99.99%) targets on glass substrates in an argon (Ar) atmosphere at room temperature (RT), and by overlayering a Pd thin film in situ as a catalyst and protective layer against oxidization of the magnesium. The base pressure was 2.0 × 10 -5 Pa, the process pressure was 0.6 Pa (Ar flow rate of 20 standard cubic centimeters per minute) for the deposition of the Mg-Nb films, and the targetto-substrate distance was 15 cm. The magnesium and niobium sputtering powers were set at 30 W and 15-60 W, respectively. The Pd overlay power was set at 30 W, and the process pressure was applied at 1.2 Pa.
Film characterization
The composition of the Mg(1-x)Nbx thin films deposited on the Si substrates was investigated by Rutherford backscattering spectrometry (RBS). The crystalline structure of Pd-capped Mg-Nb thin films was investigated by X-ray diffraction (XRD) measurement using a thin film X-ray diffractometer (Rigaku RAD system). The freshly deposited films were amorphous according to XRD in each case, showing only weak reflection (002) due to the hexagonal Mg. 4) Thin film thicknesses were measured with a stylus profilometer (Kosaka ET-350). Thin film characterizations were performed with X-ray photoelectron spectroscopy (XPS) and a scanning electron microscope (SEM) before and after hydrogen gas loading. SEM observation was performed to understand the surface changes before and after hydrogen gas loading.
XPS spectra were acquired with a VG Thermo Electron Sigma Probe operated in the fixed analyzer transmission (FAT) mode, with a pass energy of 20 eV and monochromatized Al Kα Xradiation (hν = 1486.6 eV). The pressure in the analyzer chamber during measurements was below 10 -9 Pa, and the pressure was set at 4.0 × 10 -8 during etching with the Ar ion gun. The XPS spectrum was calibrated to the Ag 3d5/3 peak at 368.0 eV. To compare the depth profiles of each sample before and after hydrogen gas loading, all samples were etched with the Ar ion gun for 20 s under the same conditions.
Optical measurements
The optical switching setup has been described in detail else- † Corresponding author: K. Yoshimura; E-mail: k.yoshimura@aist. go.jp Paper where.
6), 7) This system can rapidly and accurately measure changes in the gasochromic transmittance of the sample followed by exposure to 4% hydrogen in Ar gas at RT. The optical change was monitored by the combined use of a laser diode (λ = 670 nm) and a Si photodiode. The duration of gas loading was 30 s, followed by 300 s of unloading. Optical transmission and reflection spectra were recorded using a UV-Vis-NIR optical photometer (JASCO V570) in a range from 200 to 2500 nm.
Results and discussion
Optical properties
The optical transmission and reflectance spectra of the Mg(1-x) Nbx (x = 0.13, 0.28, 0.37) thin films were recorded in the wavelength range of 200-2500 nm during 4% hydrogen gas loading at room temperature. We used a 1-mm-thick quartz glass as a substrate for the mirror in the optical spectra measurement. In this experiment, we also investigated the effects of Nb concentration on transmission and reflectance spectra of metallic and hydride states. Figures 1 and 2 show the optical transmittance and reflectance spectra for 40 nm Mg(1-x)Nbx (x = 0.13, 0.28, 0.37) films capped with 4 nm Pd in metallic and hydride states. The transmittance change after hydrogenation decreased with increasing Nb fraction (Fig. 1) , and the same phenomenon was also found in reflectance changes of the metallic state (Fig. 2) . The absorption peak of the glass cell was observed at a wavelength in the ultraviolet range. On the other hand, the Mg-Nb film mirror in the hydride state was color-neutral in the visible range. The optical transmittance and reflectance properties of Mg-Nb thin film mirrors were very similar to those of Mg-Ti system mirrors 8) and superior to Mg-Ni film mirrors in color neutrality. To evaluate the color neutrality, we calculated the chromaticity coordinates of samples from their transmission spectra in the hydride state and expressed them as an XYZ colorimetric system using an xy chromaticity diagram. In Fig. 3 , we show a comparison of the color-neutral characteristics for some Mg-based metal thin film switchable mirror systems. In the optical properties and hydriding and dehydriding kinetics, we found that the metallic Nb in the thin film acts as a catalyst, and the hydriding and dehydriding kinetics increase with increasing Nb concentration. 4) The optical energy band gap of Mg-Nb-H thin films was estimated from optical transmission measurements. The Eg (band gap) of Mg-Nb-H thin films can be obtained from the transmittance data of Mg-Nb-H in Fig. 1 using the Lambert-Beer law:
where α is the absorption coefficient, Eg is the band gap energy, ν is the photon energy, and n is a constant. The effect of the Pd thin film was corrected as follows: A = AMgNb + APd. For direct allowed transitions and indirect allowed transitions, n = 1/2 (n = 3/2) and n = 2 (n = 3), respectively, were used. We found that the best linear relationship was obtained for (α ν) 2 versus ( ν) plots in our amorphous films, as shown in Fig. 4 , indicating a Figure 5 shows the switching durability of Mg-Nb thin film mirrors of different compositions. In Fig. 5 , we investigated the relationship between the switching durability and niobium concentration (Mg(1-x)Nbx (x = 0.13-0.37)) when loaded with 4% hydrogen in Ar gas. The number of switches of the Mg-Nb mirrors increased with increasing niobium concentration. The dehydrization speed and maximum transmittance depend on the Nb concentration in the Mg(1-x)Nbx thin films.
Gasochromic switching properties
4) The hydrization of Mg-Nb mirrors could be completed in 3-5 s. The dehydrization speed greatly increased with increasing Nb concentration, the dehydrization times of Mg0.87Nb0.13, Mg0.78Nb0.22, Mg0.72Nb0.28, Mg0.69Nb0.31, and Mg0.63Nb0.37 mirrors were 160, 56, 30, 24, and 14, respectively. Metallic Nb plays an important role in hydrogen diffusion in the Mg-Nb-H film. On the other hand, the transmittance of the Mg-Nb film was significantly reduced with increasing niobium concentration. As shown in Fig. 5, Mg(1-x) Nbx (x = 0.28) films top-capped with a thin Pd layer demonstrated very good results in both transmittance and switching lifetime. Figure 6 shows SEM images of Pd/Mg0.72Nb0.28 film mirrors in the as-deposited state and after 100 switching cycles with 4% hydrogen gas. The as-deposited mirror has a surface microstructure of 30-40 nm (Fig. 6a) . As for the degradation of the samples, many "volcano hills" were formed during the hydriding and dehydriding process. It is thought that the reason for this unique surface structure is that Mg and Nb cannot form an alloy in normal conditions. This microstructure of the surface is very similar 
Surface observation with SEM
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to a Mg-Ti system mirror before and after degradation. 8) Therefore, it is conceivable that the degradation mechanism of Mg-Nb film mirrors is the same as that of Mg-Ti system mirrors, where the oxidization of magnesium progresses during the hydrogen gas loading and unloading process. Figure 7 shows the XPS spectra of the Mg 1s states in asdeposited and degraded samples. In the as-deposited sample, the peak position of the Mg 1s state of Mg-Nb is 1303.5 eV. At the point of contact between a substrate and film or the outermost surface of the film, the peak position of Mg 1s is shifted to + 1.5 eV due to the formation of MgO (Fig. 7A) . It has been reported that the peak position of the single-crystal Mg 1s state of Mg is 1303.5 eV.
Depth profiling with XPS
12) Because Mg and Nb do not form an alloy, the binding energy of the Mg 1s state of Mg-Nb film is not affected by partial substitution of Mg by Nb. 4) In degraded samples, the peak position of the Mg 1s of Mg-Nb was also shifted to + 1.5 eV due to the formation of MgO (Fig. 7B) . Magnesium was oxidized by repeated hydrogen gas loading. Figure 8 shows the XPS spectra of Nb 3d5/2 and Nb 3d3/2 states in the as-deposited and degraded samples. The binding energies of 3d5/2 and 3d3/2 of the niobium level in metallic Nb and the oxides NbO, NbO2, and Nb2O5 were given as follows: Mg and Nb do not form an alloy under normal conditions. In the outermost surface of the thin films, the binding energies of 3d5/2 and 3d3/2 of niobium were shifted in the direction of higher Fig. 7 . Binding energies of the Mg 1s region in the thin film before and after hydrogen gas loading. Samples were etched with the Ar ion gun for 20 s. energy; that is, 3d5/2 and 3d3/2 are 203.1 and 205.8 eV, respectively. As for this shift in binding energy, one cause seems significant, and that is the interaction with metallic palladium. 14) As shown in Fig. 9 , the Pd 3d5/2 core level binding energies are also shifted to a higher binding energy at etching times longer than 60 s. It is has been reported that the Pd 3d core level binding energy shifts to the higher energy direction at temperatures above 600 K through formation of the PdNb alloy. 15) For the degradation samples, a complexity shift of the BE to 3d5/2 located at 207.7 and 206.1 eV, which belonged to Nb2O5 and NbO2, respectively, was noted. Metallic niobium would be oxidized during the hydrogenation and dehydrogenation process. It is thought that this is also the main source of the deterioration in Mg-Nb mirrors.
Conclusion
Pd-capped Mg-Nb thin films were prepared by DC magnetron sputtering. The films formed were amorphous, mirror-like in the metallic state, and they could be transformed to a transparent state by loading 4% hydrogen gas at room temperature. The relationship between the optical transmission and composition of Mg-Nb thin films was investigated. A Mg0.72Nb0.28 thin film with a 4 nm Pd cap layer showed good optical transmittance and switching durability by alternate exposure to 4% hydrogen in Ar gas, and air. From the optical band gap of Mg-Nb-H thin films calculated during the hydrogen gas loading, we anticipated an experimental gap of 2.0 eV for Mg0.63Nb0.37, 2.2 eV for Mg0.72Nb0.28, and 2.4 eV for Mg0.87Nb0.13. It is expected that the composition of these hydrides is Mg6.5NbH~14. 5) Pd/Mg-Nb thin films are color-neutral in the hydride (transparent) state, and the optical property of Mg-Nb films very closely resembles the MgTi system mirror, 15) which is a major advantage in smart window applications. On the other hand, the switching durability of the Mg-Nb mirror is inferior to the Mg-Ni system mirror. 6) We can extend the switching durability by increasing the thickness of the Pd or inserting a metal buffer layer; 16) however, this will also reduce the transmission. It is important to choose the most suitable thickness of the Pd to increase its lifetime.
